Introduction
Due to the fast development in the domain of communication and an ongoing trend of digitization and digitalization, manufacturing enterprises are facing important challenges in today's market environments: a continuing tendency towards reduction of product development times and shortened product lifecycles. In addition, there is an increasing demand of customization, being at the same time in a global competition with competitors all over the world. This trend, which is inducing the development from macro to micro markets, results in diminished lot sizes due to augmenting product varieties (high-volume to low-volume production) [1] . To cope with this augmenting variety as well as to be able to identify possible optimization potentials in the existing production system, it is important to have a precise knowledge of the product range and characteristics manufactured and/or assembled in this system. In this context, the main challenge in modelling and analysis is now not only to cope with single products, a limited product range or existing product families, but also to be able to analyze and to compare products to define new product families. It can be observed that classical existing product families are regrouped in function of clients or features. However, assembly oriented product families are hardly to find.
On the product family level, products differ mainly in two main characteristics: (i) the number of components and (ii) the type of components (e.g. mechanical, electrical, electronical).
Classical 
The evolution of composite/metals stacks has rapidly increased in their application of in the aerospace, automotive, naval and space industries bringing about a major transformation in the way modern structural components are manufactured [1] . Economic need for lightweight structures and more fuel-efficient vehicles led to the utilization of stacks for supporting and reinforcing components exposed to extreme loadings such as wing spars, skin segments, fuselage and tail components [2] . Drilling operation is an essential machining process, used extensively to facilitate assembly processes since mechanical fastening such as with bolts and rivets is a preferred method for attaching composites to metals. Drilling of composite/metal stacks in a single operation is often required to accommodate an efficient assembly process [3] . However, conventional drilling of CFRP/Ti stacks poses well-documented challenges due to the difference in machinability properties of components of the stacks; in particular, an abrasive nature of CFRP leads to rapid tool wear and low thermal conductivity and chemical affinity of titanium to the tool material causes thermo-chemical wear [4] . Several studies were performed to obtain high-quality holes in such composite/metal stacks. Entry and exit burrs produced in the titanium phase the during drilling process can be reduced by applying a combination of a low cutting speed with a low feed rate [5] , while in the CFRP phase a high cutting speed with a low feed rate is required to reduce delamination [6] . Prior studies show that lower cutting forces with favourable machining conditions promoted better hole quality produced in CFRP/Ti stacks [8] [9] .
To overcome the known limitation of the existing drilling technologies, new techniques are sought. Ultrasonically assisted drilling (UAD) is a hybrid machining process that combines conventional drilling (CD) with high-frequency vibration at low amplitude superimposed at the tooltip to enhance the cutting process and improve hole quality in difficult-to-machine materials. Previous studies on application of UAD in drilling of CFRP demonstrated a significant reduction in drilling forces and improvement in hole quality as Available online at www.sciencedirect.com 
To overcome the known limitation of the existing drilling technologies, new techniques are sought. Ultrasonically assisted drilling (UAD) is a hybrid machining process that combines conventional drilling (CD) with high-frequency vibration at low amplitude superimposed at the tooltip to enhance the cutting process and improve hole quality in difficult-to-machine materials. Previous studies on application of UAD in drilling of CFRP demonstrated a significant reduction in drilling forces and improvement in hole quality as well as reduction in delamination [10] when compared to CD. In titanium alloys, UAD has the capability of reducing burrs with improved hole quality [11] , in both materials, CFRP and Ti when compared to conventional drilling, UAD has also produced a low error in circularity.
In this paper, effect of feed rate on hole quality and to study and focus on the benefits and improvements when UAD is implemented in comparison with CD. UAD is applied to enhance machining process in a CFRP/Ti stack. This paper is sectioned as follows: Section 2 gives detailed descriptions of an experimental methodology, a workpiece, instrumentation and a drilling tool. Section 3 provides details on measurements, analysis and discussion of the results obtained. The paper concludes with Section 4.
Material and experimental methodology
A studied aerospace stack consists of M21/T700 quasiisotropic CFRP with the stacking sequence [(0°/45°/90°/-45°)4s/0°]s with a tensile strength and the Young's modulus of 14 GPa and 115 GPa, respectively [12] and Ti6Al4V with yield strength of 950 MPa and modulus of 113.8 GPa [13] ; each phase has thickness of 10mm. Overall dimensions of the stack are 300 mm (length) × 150 mm (width) × 20 mm (thickness). A standard two-flute solid carbide twist drill WC-10% Co CoroDrill 460 with a diameter of 6 mm having a point and helix angles of 140 o and 28 o , respectively, was used for all experimental studies. 
Machining setup and methodology
All drilling trials were carried out on a modified universal Harrison M-300 lathe machine to incorporate a Langevinstyle piezoelectric transducer, with the capability of interchanging between conventional drilling and ultrasonically assisted drilling by appropriately switching. The transducer was mounted in a three-jaw chuck, with a horn attached to the front mass to amplify vibration in the axial direction, using appropriate fixtures to attach the drilling tool to the horn as shown in Fig. 2 . Workpiece materials were placed in front of a two-channel Kistler TM dynamometer mounted on a cross slide of the lathe to measure level of thrust force and torque of every drilling regime.
The force data measured with the dynamometer were obtained using a charge amplifier, converting and transmitting the data through an analog-digital converter (digital oscilloscope Picoscope) connected to the computer. A thermal camera was mounted on the lathe and connected to the computer to monitor the temperature of the tool tip in the process of drilling the material. The cooling system consisting of a cold-air gun vortex tube, a pressure and a regulator gauge meter was used to supply compressed air as a coolant to the tool tip and the workpiece surface. Comprehensive drilling experimentation was performed on CFRP/Ti stacks using both the CD and UAD procedures. Each drilling study was repeated three times for each cutting parameter for repeatability and accuracy. Parameters employed in the drilling tests are shown in Table 1 . In UAD the frequency and amplitude are important parameters that affect the overall drill quality. The choice of 21 kHz and 30.2 peak-to-peak amplitude was based on the optimum working capacity of the Langevin transducer. The imposed frequency was sustained throughout the drilling process without any damping. 
Experimental result
In this section, a detailed discussion and analysis of results obtained in the experimental drilling processes -both CD and UAD -for CFRP/Ti stack are presented.
Effect of drilling parameter on thrust force and torque
Drilling parameters play a vital role in determining quality of holes produced. Fig. 3(a) and (b) demonstrates a comparison of the nominal machining forces in each material phase for all the experiments. In general, the thrust force and the torque in the titanium alloy increased with higher feed rate in both conventional and ultrasonically assisted drilling, which is associated with tool wear and adhesion of titanium to the machining tool. It is found that at the lowest feed rate of 0.03 mm/rev, the thrust-force reduction produced by UAD in comparison to CD was ~49%. This is a result of high forces required to plastically deform the titanium alloy in order to remove material, while intermittent cutting action in UAD promoted lower forces due to micro-chipping of the material, inducing local damage and deformation. At the highest feed rate, this force reduction vanished, generating a higher by 6% torque in UAD in comparison to CD due to titanium adhesion to the drill tool and wear. In contrast, in the CFRP phase, it was observed that with the increased feed rate, lower levels of thrust force and torque were generated in both CD and UAD experimentation. In general, UAD resulted in lower cutting forces in all experiments, compared to CD. Previous research indicated that a thrust force played a vital role in formation of delamination damage in CFRP [14] ; this confirms that UAD generates lower delamination damage than CD thanks to significant reduction in the thrust force. At the highest feed, the torque in UAD for both materials showed an increase confirming the coiling and uncoiling action of the drill tool as a result of coupled torsional and longitudinal vibration [10] . In summary, UAD demonstrated that, as feed rate increased, the extent of reduction in forces decreased. This indicates that for UAD to be most effective, low feed rates between 0.01 -0.1 min/rev should be employed. 
Hole quality
An average hole diameter and an error in circularity were measured with an analog scanning probe of 2 mm stylus of a Coordinate Measuring Machine at three different depths of 1 mm, 5 mm and 8 mm from the entry surface of each material of the CFRP/Ti stack. Fig. 4 and 5 show the obtained. The hole diameter was larger than the drill size (6 mm) for both drilling methods. As the feed rate increased, the holes in CD became more oversized with the largest hole of 6.14 mm created at a feed rate of 0.1 mm/rev, while holes obtained with UAD decreased with an increase in feed rate, leading to the hole diameter closer to the drill size. The obtained results confirmed the previous findings that carbide drills created holes larger than the drill size [15] .
UAD demonstrated some improvements in circularity in both materials producing the lowest value in the titanium alloy at a feed rate of 0.05 mm/rev while having a higher value of 0.027 mm than its counterpart in CFRP. The error in circularity for CD in titanium was larger; this was found in all holes drilled at this feed rate. In summary, UAD was able to improve circularity in both materials and should be employed in drilling hybrid stacks to enhance drilling outcomes. 
Exit burr formation in titanium alloy
Ti burrs produced at the exit plates were found to pose a major challenge in the industry, resulting in an additional cost due to a need for a deburring process. Fig. 6 exhibits the average of four measurements of burrs along the hole's circumference of titanium alloy. It shows that the increased feed rate resulted in lower burr formation supporting results of [6] . As feed rate increased, the contact time of the drill corner with the titanium alloy decreased, thus, stimulating higher fracture of chips and lower heat generation in titanium alloy during the drilling process. UAD globally displayed a higher performance when compared to CD, with 50% reduction in burrs at the lowest feed rate and 47% at the highest. At the lowest speed, heat was generated rapidly and the exit side of the titanium plate became more ductile; therefore, lower fracture/shear was observed. In UAD, the process of separation of the tool from the material, generated higher shearing of chips. Author name / Procedia CIRP 00 (2018) 000-000 Fig. 6 . Burr formation at the exit of titanium alloy.
Temperature
High temperatures during the drilling process of CFRP/Ti stacks play an important role as it can have a detrimental effect on the CFRP phase. In the test, temperature was monitored to ensure that it did not surpass the glass-transition temperature of the composite, which corresponds to ~170 o C. Compressed air was used to cool the drilling zone during the machining process. A thermal camera was used to monitor the surface temperature in both CD and UAD. In all experiments, the temperature did not exceed 110 o C. Fig. 7 illustrates the nominal maximum temperature of the workpiece surface during the machining process. The maximum temperature was observed in UAD at a feed rate of 0.1 mm/rev -108. 
Conclusions
This paper presents initial results of drilling in CFRP/Ti stacks, assessing cutting forces and hole quality under dry machining conditions. The comparative study employing conventional drilling and ultrasonically assisted drilling of CFRP/Ti was performed to study the effect of feed rate on hole quality. The experimental investigation resulted in the following conclusions.
 The force analysis revealed a significant force reduction when UAD was utilized both in CFRP and the titanium alloy, in comparison to CD.
 The effect of producing lower forces in UAD resulted in lower energy required for drilling of stacks. As the feed rate increased, the extent of reduction decreased; this demonstrates that at higher feed, the intermittent interaction of the drill bit with the workpiece material in UAD was no longer effective.  Both CD and UAD produced larger hole diameters than the drill nominal size of 6 mm, with UAD resulting in the improved error in hole circularity.  The burr height was reduced in UAD in comparison with CD, creating burrs smaller by some 50%.
